Diabetes mellitus has become a devastating global epidemic. Patients with diabetes suffer a high prevalence of diabetic cardiomyopathy (DCM). DCM is a type of cardiac problem independent of any preexisting macro-and micro-vascular diseases. The pathophysiological basis underlying diabetes-induced cardiac damage is rather complex and multifactorial. Although a number of risk factors including oxidative stress, apoptosis, and aberrant intracellular Ca 2+ metabolism have been postulated to play a role in the onset and development of cardiac anomalies within diabetes, the precise mechanisms responsible for DCM remain elusive. This mini-review discusses the latest findings of mechanisms involved in the progression of cardiomyopathy in diabetes. We emphasize the role of the lysosomal cysteine protease, cathepsin K, and its downstream calcineurin/nuclear factor of activated T-cells signaling in the prevention and treatment of DCM.
introduction
Diabetes mellitus is a rapidly growing and chronic metabolic disease whose prevalence, alarmingly, is reaching epidemic proportions. [1] According to the Centers for Disease Control and Prevention, nearly 29.1 million people or 9.3% of the U.S. population were considered diabetic in 2012, thus imposing a major burden for health care. Ample clinical and experimental evidence has revealed that diabetes to be a major challenge for medical treatment; the disease ranks seventh in all-cause mortality in the United States. Furthermore, cardiovascular complications are the leading cause of mortality in patients with diabetes. [2, 3] The myopathic state in diabetes is manifested as ventricular dilation, cardiac remodeling, impaired ventricular contractility, ejection fraction and cardiac output, and increased risk for stroke and hypertension These complications eventually result in maladaption and heart failure. [4] Micro/ macrovascular complications may also contribute to cardiac anomalies in diabetes. [5, 6] However, the pathological mechanisms leading to diabetic cardiomyopathy (DCM) remain poorly defined, particularly in the absence of coronary artery diseases. The current clinical strategy to reduce cardiovascular burden in patients with diabetes is mainly focused on controlling major metabolic abnormalities, such as hyperglycemia. Nonetheless, close monitoring of blood glucose levels has not been unequivocally successful in the management of cardiovascular events, in contrast to controlling other cardiovascular risk factors such as blood pressure, dyslipidemia, and platelet dysfunction. [2] Although a number of clinical studies are underway for the management of cardiovascular disease in diabetic subjects, clinical management of DCM has been somewhat dismal, warranting newer pharmacological strategies to surmount this problem. Recent evidence has revealed a possible role for proteases in diabetic complications. [7] Cathepsins belong to a group of lysosomal cysteine proteases that are ubiquitously expressed in various tissues with important roles in cancer and autoimmune and cardiovascular diseases. [8] Cathepsins are known to
Role of the Cathepsin K/Calcineurin/Nuclear Factor of Activated T-Cells Axis in the Pathogenesis and Management of Diabetic Cardiomyopathy
modulate protein turnover and apoptosis. [9] Cathepsin K, the most potent collagenase, is capable of regulating metabolism, adiposity, and glucose disposal, all of which play a major role in cardiac homeostasis. [10] Enhanced level and activity of cathepsin K have been reported in both patients and rodents with atherosclerosis, [11] neointimal lesions, [12] coronary artery disease, [13] hypertrophy, and heart failure. [14] Previous studies from our laboratory have shown that cathepsin K knockout attenuates high-fat-diet-and pressure overload-induced cardiac hypertrophy and contractile anomalies. [15, 16] This is consistent with the notion of a protective role of cathepsins in heart failure. [17] Although the protective effect of cathepsin K deletion is noted in cardiac function, possibly attributable to decreased protein synthesis via the inhibition of mTOR signaling, [15, 16] the precise role of cathepsin K and underlying mechanism in diabetic cardiovascular complications remains elusive.
Calcineurin/nuclear factor of activated T-cells (NFATs) signaling has been recently reported to regulate cardiac hypertrophy [18, 19] and promote the invasion of epicardium-derived cell into myocardium through regulation of extracellular matrix-degrading enzymes. [20] Calcineurin, a Ca 2+ /calmodulin (CaM)-dependent protein phosphatase, is reported to be upregulated in DCM. [18] Activation of calcineurin intensifies hypertrophic signals and accelerates the transition into the decompensatory state. [21] In rodent model, cardiac-specific activation of calcineurin or NFAT3 leads to cardiac hypertrophy which progresses rapidly to heart failure. [22] Calcineurin can also be directly cleaved by a Ca 2+ -dependent cysteine protease named calpain into its active form. [23] Based on this background and recent understanding of the mechanisms for the pathogenesis of DCM, it is plausible to postulate that cathepsin K deficiency may attenuate diabetic cardiovascular complications through calcineurin pathway. In addition, as a cysteine protease, cathepsin K, is likely to cleave calcineurin into an active form, subsequent activation of calcineurin/NFATs signaling may trigger diabetes-induced cardiac anomalies. Thus, targeting the calcineurin/NFATs signaling cascade downstream of cathepsin K may represent a novel strategy for prevention and/or treatment of DCM. putativE mEchanisms of diabEtic cardiac myopathy and tarGEts for intErvEntion DCM, a disorder of the heart muscle in patients with diabetes, can lead to inefficient blood supply from the heart to the peripherals, a state known as heart failure. [24] However, the precise mechanisms underlying the disease are still controversial. Indeed, the pathogenesis of DCM is multifactorial. It is perceived that cardiac contractile dysfunction may be triggered by accelerated atherosclerosis and hypertension, with little evidence directly favoring an impact of diabetes mellitus on the alterations of myocardial structure and function independent of coronary artery disease, blood pressure, or valvular disease. [25] Based on our current understanding, the basic igniting mechanisms behind the complexities of DCM include metabolic disorder, insulin resistance, small vessel diseases, stimulation of renin-angiotensin-aldosterone system (RAAS), and increased cytokines. Besides, autophagy, cardiac autonomic neuropathy, miRNAs, and epigenetics may also contribute to the pathologic progress of DCM, [26, 27] as summarized in Figure 1 .
Metabolic disturbances and altered insulin signaling
Metabolic perturbations such as hyperglycemia, hyperlipidemia, and hyperinsulinemia are the major factors causing damage to cardiomyocytes, fibroblast, endothelial cells, and small vessels, which contribute to the development of cardiomyopathy. Indeed, metabolic changes in diabetes are directly triggered by hyperglycemia which leads to altered glucose metabolism and glucotoxicity. [27] Direct and indirect glucotoxicity contributes to cardiac injury through multiple mechanisms, including oxidative stress, mitochondrial impairment, activated poly (ADP-ribose) polymerase-1, increased advanced glycation end-products (AGEs), and aldose reductase, the effects of which in turn induce cardiomyocyte apoptosis. [28] Increased AGEs and their receptors RAGEs activation is also associated with the activation of nuclear factor κB (NF-κB) signaling. [26] Hyperglycemia-induced higher reactive oxygen species (ROS) can activate matrix metalloproteinases 9 which contributes to increased matrix turnover, sarco-endoplasmic reticulum-calcium ATPase 2 (SERCA2) dysfunction, changes in miRNA, and enhanced inflammation. [29] In addition, hyperglycemia also causes enhanced endothelin-1 levels, [30] elevated hexosamine and polyol flux, activation of the classical isoforms of protein kinase C, altered cardiac structure through posttranslational modification of the extracellular matrix, and abnormalities in lipid metabolism as well as calcium ion homeostasis, via impaired ryanodine receptor (RyR), SERCA, and Na + -Ca 2+ exchanger, thereby leading to decreased systolic and diastolic function. [28, 29] Hyperlipidemia can be induced by elevated free fatty acid (FFA) levels and disturbances of FFA metabolism that exceeds oxidation rates in the heart. [31] Enhanced accumulation of FFAs and triglycerides (TGs) in the myocardium leads to lipotoxicity which may induce inflammation and programmed myocardial cell death through ceramide production and ROS generation, [32] leading to mitochondrial dysfunction and ER stress, as well as decreases in both cardiolipin content and ATP synthesis. [26] [27] [28] Lipotoxicity-related DNA damage and altered small nuclear RNAs were also recently reported. [32, 33] Peroxisome proliferator-activated receptor-α/ PGC-1(Peroxisome proliferator-activated receptor gamma coactivator 1) is another signaling network that controls fatty acid oxidation and plays an important role in regulating myocardial substrate use during diabetes. [34] Insulin resistance, concomitant with hyperinsulinemia, is another outcome of metabolic abnormities associating with the progression of both hypertrophic and dilated cardiomyopathy. [35] Both diabetic patients and diabetic animal models exhibit insulin resistance within the heart which is defined as diminished insulin-dependent stimulation of myocardial glucose uptake. [28] Previous studies suggested that nonesterified fatty acids play a critical role in triggering the pathogenesis of cellular insulin resistance and compensatory hyperinsulinemia. [36] Insulin resistance is related to the abnormalities of lipid and glucose metabolism, such as switching of cardiac substrate utilization from glucose to fatty acids. [37] In insulin resistance, hyperinsulinemia-induced dysregulation of cardiac substrate metabolism, altered myocardial insulin signaling, and altered progrowth pathways are considered associated with cardiac hypertrophy. [28, 38] There are at least four major cellular signaling cascades involved in hyperinsulinemia-associated cardiac hypertrophy. Generally, acute activation of (phosphoinositide 3-kinase α) PI3Kα/ Akt-1 signaling phosphorylates and inactivates glycogen synthases kinase-3 β (GSK-3β), a well-recognized antagonist of the calcineurin action and inhibitor of nuclear transcription governing the hypertrophic process via the NFATs. [19] Higher insulin can also activate PI3K/PKB/Akt-1/mTOR pathway, which is involved in regulating cell growth and protein synthesis, and play an essential role in the development of physiological hypertrophy, whereas insulin-induced Akt-1-independent ERK/MAPK signaling, along with the PKC and calcineurin/NFAT pathways, mediates pathological hypertrophy. [28] FoxO transcription factor, downstream of Akt, also participates in cardiac remodeling. In addition, chronic hyperinsulinemia may activate Akt-1 indirectly by the enhanced activation of sympathetic nervous system (SNS) [39] or through triggering the angiotensin II (Ang II) pathway. [40] Dysregulation of renin-angiotensin-aldosterone system Activation of the SNS and RAAS has been reported in diabetes, leading to enhanced stimulation of both adrenergic and AT1 receptors, which contribute to myocardial remodeling and impairment of cardiac performance [summarized in Figure 1 ]. Increased Ang II has been demonstrated to be associated with cardiomyocyte hypertrophy, oxidative damage, apoptosis, and necrosis, which are related to cardiomyopathy in diabetic patients and rodent model. [41, 42] Moreover, upregulated Ang II and aldosterone during diabetes are able to induce cardiac fibrosis and stiffness, which is characterized by enhanced accumulation of collagen and increased proliferation of cardiac fibroblasts, leading to cardiac microvasculature alterations and hypertrophy in diabetic subjects. [43] Ang II also exhibits the effects on the insulin receptor and Insulin receptorsubstrate proteins (IRS proteins) and the downstream effectors such as PI3K, Akt, and glucose transporter 4 (GLUT4). Thus, diabetes-associated cardiovascular anomalies are prevented by pharmacological inhibition of RAAS, such as aldosterone antagonist spironolactone, angiotensin receptor blockers, and (ACE) Angiotensin-converting enzyme inhibitors. [26, 28, 44, 45] Furthermore, activation of RAAS further altered insulin/ insulin-like growth factor-1 (IGF-1) signaling pathway which is detrimental to both cardiomyocytes and endothelial cells. [46] IGF-1 is a pivotal factor for cardiac growth and function and is able to modulate Ang II. It has been shown that IGF-1 was reduced in diabetes, and exogenous IGF-I intervention attenuated cardiomyocyte contractile disturbances in diabetic animals, indicating an important role of IGF-I in cardiac fibrosis and DCM progression.
[27]
Activation of cytokines
Increased cytokines, contributing to the induction of inflammation and fibrosis of the heart and endothelial cells, were also observed in DCM. Increased collagen deposition and fibrous tissue formation may be related to increased expression of (TGF-β) transforming growth factor-β during tissue repair by binding to the TGF-β type II receptor. [47] In addition, increased expression of cell adhesion molecules (ICAM-1 and vascular cell adhesion molecule 1), increased infiltration of macrophages and leukocytes, and increased expression of other inflammatory cytokines (interleukin [IL]-1 β, IL-6, IL-18, and tumor necrosis factor [TNF]-α) were also demonstrated in DCM relating to intramyocardial inflammation. [26] Anti-TNF-α treatment and inhibition of IL-converting enzyme have been shown to display beneficial effects for reducing inflammation in the heart. [48, 49] Besides, adipocytes also synthesize and secrete a number of cytokines (adipokines) that play significant roles in type II diabetes and insulin resistance. There is growing evidence suggesting that the adipokines such as leptin, adiponectin, and apelin exert protective role in the heart from lipotoxicity, calcium disorder, endothelial dysfunction, and cardiac remodeling. However, resistin displayed a detrimental effect on cardiac function through alterations in cardiac metabolism and induction of myocardial insulin resistance. [28] Therefore, alterations in adipokines may contribute to the development of DCM.
Small vessel diseases and other factors
Structural and functional abnormalities of small vessels in diabetic heart may also contribute to the pathogenesis of heart failure although this hypothesis remains controversial. Atherosclerosis is the major threat to the macrovasculature, while small vessel damage is typically related to microvasculature, including arterioles, capillaries, and venules, where a variety of cellular and molecular mechanisms involved in the process of DCM. Endothelium-dependent dilation of coronary microvasculature was found impaired in dilated cardiomyopathy. [50] As an independent mechanism, autonomic nervous system also contributes to the development of DCM by altering myocardial blood flow. In fact, microcirculation is under the regulation of autonomic sympathetic nerves, parasympathetic nerves, and the substances produced by the endothelial cells and metabolic local products. [27] Beyond what is mentioned above, epigenetics, impaired autophagy, changing miRNA levels (e.g., miR-15a, miR-30d, miR-143, and miR-181) may also contribute to DCM. [26] In addition, among all of the effects generated from those triggering mechanisms, oxidative stress and calcineurin/NFATs signaling cascade are currently recognized as the major contributors for the pathogenesis of DCM. [27] rolE of cathEpsins in cardiomyopathy and hEart failurE Proteases, as proteolytic enzymes, contribute to protein degradation and thereby are partially responsible for cardiovascular dysfunction. Alterations of proteolytic activities are always observed in both the extra-and the intra-cellular environment in heart failure and are correlated with hypertrophic cardiomyopathy and dilated cardiomyopathy such as DCM. [51] Cathepsins belong to a family of lysosomal proteases and are involved in the turnover of proteins delivered to the lysosome. [52] Several cathepsins such as cathepsin L, B, and S were showed to be capable of regulating autophagy. [53] [54] [55] They have also been noted contribute to cardiovascular dysfunction in heart disease and involve a number of biological process, including antigen presentation, extracellular matrix (ECM) turnover, neuropeptide and hormone processing, and promoting inflammation and apoptosis. [8, 9] Cathepsins are generally active within lysosomes and are active within a specific pH range; however, compromised lysosomal integrity leads to leakage of cathepsins to the cytosol and subsequent degradation of cellular components. [56] Previous studies have shown that the expression and activity of a series of cathepsins involving cathepsin S, B, D, and K were increased in hypertrophic and failing heart. [9, 57, 58] In contrast, deletion of cathepsin L exhibits dilated cardiomyopathy, and overexpression of cathepsin L in mouse model alleviates cardiac inflammation, fibrosis, and hypertrophy. [59] These studies strongly suggest a role for cathepsins in heart failure.
Cathepsin K, the most potent mammalian cathepsin, is a lysosomal cysteine protease that is predominantly expressed in osteoclasts and has been found to mediate bone degradation attributable to a strong elastase and collagenase properties. [60] Recently, a growing number of evidence showing that cathepsin K exhibits a negative effect on glucose and lipid metabolism; conversely, inhibition of cathepsin K attenuated body weight gain and elevated serum glucose and insulin levels in obese mice. [10, 61, 62] In addition, expression and activity of cathepsin K were elevated in both patients and animals with atherosclerosis, neointimal lesions, coronary artery disease, hypertrophy, and heart failure. [11] [12] [13] [14] Our recent studies have shown that cathepsin K protein levels were dramatically elevated in the human myocardium of end-stage dilated cardiomyopathy and deletion of cathepsin K protected against cardiac dysfunctions. [15, 16] We also found that cathepsin K knockout has a distinct improvement in whole-body glucose utilization. [16] Although there are increasing numbers of studies on cathepsin K, the majority of them focus on bone and there is limited research focusing on the role of cathepsin K in heart disease. Furthermore, the potential cellular and molecular mechanism by which cathepsin K is involved in the pathophysiology of cardiac function and developing DCM is yet unclear.
calcinEurin/nuclEar factor of activatEd t-cElls siGnalinG in cardiomyopathy and hEart failurE As one of the potential mechanisms in the pathogenesis of DCM, calcineurin plays an essential role in transducing hypertrophic signals in part by NFAT transcription factors. [63] Molkentin found that the activation of calcineurin was sufficient to induce cardiac hypertrophy contributing to dilated cardiomyopathy and heart failure and eventually cause sudden death. [22] Inhibition of calcineurin activity or calcineurin/NFATs signaling restrains the induction of brain natriuretic peptide and cardiomyocyte hypertrophy. [18, 64] Calcineurin, a eukaryotic ubiquitously expressed serine/ threonine-protein phosphatase, is activated by calmodulin upon increased intracellular calcium. Abundant evidence supports that calcineurin participates in a number of cellular processes including Ca 2+ -dependent signal transduction pathways. In skeletal muscle, the expression of fiber type-specific gene can be regulated by calcineurin, which is dependent on contractile activity and Ca 2+ signaling. [65, 66] Calcineurin is able to modulate the activities of L-type Ca 2+ channel, ryanodine receptor (RyR)/Ca 2+ -release channels, [67, 68] the inositol 1,4,5-triphosphate receptor, [69] and SERCA 2a, [70] thus influence Ca 2+ fluxes, [71] in the heart. Indeed, Ca 2+ is known as an essential signal for myocardial remodeling and the process of cardiac hypertrophy. The disturbance of Ca 2+ homeostasis can cause cardiomyocyte-contractile dysfunction and play a vital role in the pathophysiology of heart failure. Our studies showed that calcineurin inhibitor cyclosporine A alleviated high glucose-induced attenuation of SERCA2 protein, indicating that Ca 2+ channel proteins can be modulated by calcineurin. Nevertheless, evidence also suggested that cardiac hypertrophy and heart failure can be induced by the reduction of L-type Ca 2+ channel activity through activation of calcineurin/NFAT signaling in mice. [72] Taken together, a mutual effect may exist between calcineurin and Ca 2+ channels. Further studies are necessary to determine the upstream or downstream signals, leading the cardiac hypertrophy under the aforementioned conditions. Furthermore, activation of calcineurin dephosphorylates the regulatory domains of NFATs within the cytoplasm, and dephosphorylated NFATs translocate to the nucleus for gene transcription in cooperation with other transcription factors. [19] According to Fiedler et al. [64] and Gao et al., [73] NFAT activation can also be triggered by the current of L-type Ca 2+ -channel. Four calcineurin-regulated NFAT transcriptional factors including NFATc1-c4 are present in the myocardium. [74] Recently, NFATc3 and NFATc4 (NFAT3) have been shown as downstream targets of calcineurin and are associated with hypertrophic response. [75] NFATc4 can stimulate the transcription of pro-hypertrophic genes including MEF2 and GATA4, leading to pathological hypertrophy. [76] NFATc1 has been considered as an necessary factor for endocardial valve remodeling, formation of coronary vessels and fibrous matrix in the mature heart, and an essential effector of receptor activator of NF-κB ligand signaling, which required for cathepsin K expression. [20, 77] Research also indicated that NFATs may interact with NF-κB/p65 and activate NFκB through its nuclear translocation in cardiomyocytes. Genetic deletion of calcineurin/NFATs displayed compromised NF-κB transcriptional activation, which is required for pressure overload-induced cardiac hypertrophy. On the other side, intact NF-κB signaling and p65 transcriptional activity are required for entire transcriptional activation of NFATs. [78] In addition, the association of NFATs and NF-κB with cardiomyocyte apoptosis was also reported. [79, 80] crosstalk bEtwEEn cathEpsin k and calcinEurin in diabEtic cardiomyopathy
Because cathepsin K and calcineurin/NFATs signaling pathway both have been involved in the regulation of cardiac hypertrophy, we propose that there is a crosstalk between these two previously deemed independent signaling pathways. Three suppositions are posted in this review. In the first place, cathepsin K is capable of dysregulating glucose metabolism and increasing glucotoxicity, which can trigger calcineurin/NFATs signaling. This is according to the evidence that hyperinsulinemia and hyperglycemia can trigger calcineurin-NFATs pathway. [19, 28, 81, 82] In our experimental diabetic model, streptozotocin (STZ) injections induced higher level of cathepsin K in murine heart, while cathepsin K knockout significantly attenuated STZ-induced increased fasting blood glucose level and calcineurin A expression in mouse heart. In addition, STZ-induced ventricular dilation and cardiac dysfunction were markedly alleviated by cathepsin K deletion. Since β-cells are destroyed in STZ-treated animal model, hyperglycemia, and glucotoxicity, rather than that hyperinsulinemia after STZ challenge possibly triggers dilated cardiomyopathy and cardiac dysfunction through upregulation of cathepsin K. Second, high cathepsin K level may induce cardiac anomalies by dysregulation of calcium homeostasis, which triggers calcineurin activation. Our studies (unpublished) showed that deletion of cathepsin K dramatically reversed STZ-induced reduction in SERCA2 and phospholamban phosphorylation at Ser16 and Thr17. STZ-induced elevation of intracellular calcium concentration was also attenuated by cathepsin K knockout. These results indicate that cathepsin K maybe acts as an upstream signal for regulating Ca 2+ flux that contributes to calcineurin activation. Most interestingly, we postulate that cathepsin K, as a cysteine protease, is likely to cleave calcineurin into an active form or inhibit calcineurin from auto-inhibition, which in turn stimulates NFATs translocation and subsequently triggers diabetes-induced cardiac dysfunctions and cardiomyopathy [summarized in Figure 2 ]. Glucose toxicity in diabetes contributes to DCM via upregulated cathepsin K and calcineurin/NFAT signaling, which plays an important role in cardiac remodeling and hypertrophy in diabetes.
Targeting cathepsin K may represent an attractive strategy to treat or prevent diabetes-associated cardiac complications. Previous evidence suggests that calpain, a Ca 2+ -dependent cysteine protease, can directly cleave calcineurin into active form both in vitro and in vivo. [23] Therefore, there would be a possible physical interaction between cathepsin K and calcineurin. Future work needs to be done to explore the specific cleavage sites of cathepsin K and structural basis for the activation of calcineurin.
summary and pErspEctivEs
Diabetes is an independent risk factor for cardiovascular disease, which is the leading cause of mortality and morbidity in our society. In addition to increasing risk of coronary artery disease and hypertension, a growing amount of evidence suggested that diabetic patients are also prone to a condition termed as DCM, which is characterized by structural and functional changes of the heart muscle, such as increased fibrosis, cardiac hypertrophy, and diastolic impairments. Currently, there is an increased understanding of the cellular and molecular mechanisms in diabetes, including metabolic perturbations, insulin resistance, myocardial fibrosis, cardiac autonomic neuropathy, increased oxidative stress and ER stress, impaired autophagy, changes in miRNA levels and affected epigenetics, all of which contribute to the pathogenesis of DCM. Therein, calcineurin/NFATs signaling cascade is thought as an essential contributor during the process of cardiomyopathy. Despite the numerous drugs present in the market for prevention and treatment targeting on improving glycemic control and ameliorating cardiovascular dysfunction for diabetic patients, the incidence of diabetes-associated cardiovascular disease continues to rise. Cathepsin K, an important cysteine protease, plays a vital role in the development of cardiomyopathy. It is hoped that targeting cathepsin K will generate a novel therapy tailored to reduce the risk of heart failure in individuals with diabetes mellitus, although the specific mechanism still remains elusive. Further study of understanding the mechanisms between cathepsin K and calcineurin needs to tested and clarified.
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